Clinical and epidemiological studies indicate that obesity affects the development and phenotype of asthma by inducing inflammatory mechanisms in addition to eosinophilic inflammation. The aim of this study was to assess the effect of obesity on allergic airway inflammation and T helper type 2 (Th2) immune responses using an experimental model of asthma in BALB/c mice. Mice fed a high-fat diet (HFD) for 10 weeks were sensitized and challenged with ovalbumin (OVA), and analyses were performed at 24 and 48 h after the last OVA challenge. Obesity induced an increase of inducible nitric oxide synthase (iNOS)-expressing macrophages and neutrophils which peaked at 48 h after the last OVA challenge, and was associated with higher levels of interleukin (IL)-4, IL-9, IL-17A, leptin and interferon (IFN)-g in the lungs. Higher goblet cell hyperplasia was associated with elevated mast cell influx into the lungs and trachea in the obese allergic mice. In contrast, early eosinophil influx and lower levels of IL-25, thymic stromal lymphopoietin (TSLP), CCL11 and OVA-specific immunoglobulin (IgE) were observed in the obese allergic mice in comparison to non-obese allergic mice. Moreover, obese mice showed higher numbers of mast cells regardless of OVA challenge. These results indicate that obesity affects allergic airway inflammation through mechanisms involving mast cell influx and the release of TSLP and IL-25, which favoured a delayed immune response with an exacerbated Th1, Th2 and Th17 profile. In this scenario, an intense mixed inflammatory granulocyte influx, classically activated macrophage accumulation and intense mucus production may contribute to a refractory therapeutic response and exacerbate asthma severity.
Introduction
Asthma is a chronic disease in the lungs characterized by airway hyperresponsiveness (AHR), variable degrees of airflow obstruction and pulmonary inflammation. The prevalence of asthma has increased consistently in the last decade, with approximately 300 million adults and children affected by this disease worldwide [1] . Lifestyle changes and genetic predisposition are suggested to be associated with the increased incidence of asthma, mainly in westernized countries [1] . Classically, T helper type 2 (Th2) cells play a predominant role in the pathogenesis of asthma by the release of interleukin (IL)-4, IL-5, IL-9 and IL-13 cytokines. These mediators contribute to the clinical features of asthma by triggering immunoglobulin (Ig)E production, eosinophilic inflammation, mucus hypersecretion and bronchial hyperreactivity [2] . In addition, studies have identified that early dysfunction of the airway epithelium after allergic stimuli promotes the Th2 immune response [3, 4] through the release of IL-25, IL-33 and thymic stromal lymphopoietin (TSLP). These cytokines take part in the activation of type 2 innate lymphoid (ILC2) and dendritic cells, thereby promoting the secretion of high amounts of IL-5 and IL-13 contributing to eosinophilic airway inflammation [5] . However, asthma is a heterogeneous disease involving many pathways, leading to several clinical phenotypes associated with a different inflammatory response [2] . Moreover, non-Th2 factors such as interferon (IFN)-g, IL-17 and neutrophils are often related to severe phenotypes of asthma and resistance to corticosteroid treatment [6] [7] [8] .
Currently, obesity is recognized as an important risk factor of asthma. Moreover, obesity worsens the symptoms of asthma and reduces the response of patients with asthma to conventional treatments [9] [10] [11] . Adult obese asthmatics frequently develop an immune response that is distinct from the classical Th2 allergic response and is characterized instead by lower serum IgE levels and fewer numbers of eosinophils in the sputum [9, 12] . Although the mechanisms underlying this association have not yet been elucidated completely, it has been suggested that obesityassociated inflammation induces the development of the characteristic clinical phenotypes that are observed in obese-asthmatic individuals [13, 14] .
The prevalence of obesity, defined as a body mass index (BMI) of ! 30 kg/m 2 , has been largely increasing during the last two decades. Consumption of a high-fat diet (HFD) induces an imbalance in fatty acids flow, leading to adipocyte hypertrophy and hyperplasia. These events induce abnormal adipose tissue accumulation and leptin resistance [15] . In addition, changes in the adipose tissue trigger the influx of mast cells, M1 macrophages and CD8
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T lymphocytes that secrete inflammatory cytokines such as IL-1b, IL-6, IFN-g and tumour necrosis factor (TNF)-a, which induce the low-degree systemic inflammation observed typically in obese individuals. In contrast, the numbers of immune cells such as eosinophils, ILC2 and alternatively activated macrophages involved in adipose homeostasis are reduced in the obese state [16] .
Studies involving animal models support the association between obesity and asthma; however, these studies have provided conflicting results, due probably to the use of different protocols and mouse strains for inducing both diseases [17] [18] [19] . A study employing obesity-prone C57BL/6 mice indicated that obesity exacerbates the asthma pathology via a Th2 immune response mechanism [17] , which was not supported by other studies [18, 20] . BALB/c mice represent an intermediate phenotype between the obesityprone and resistant strain. This mouse strain presents moderate gain weight [21] , but shows a high body adiposity index and production of inflammatory cytokines [22, 23] . However, few reports have assessed immune responses in the lungs of BALB/c mice with concomitant diet-induced obesity and ovalbumin (OVA)-induced asthma [24] . Therefore, in the present study, a BALB/c experimental model for allergic airway disease was used to evaluate the effects of HFD-induced obesity on the immune responses in OVA-induced pulmonary allergy.
Materials and methods

Mice
Female BALB/c mice (aged 4-5 weeks) were obtained from the Federal University of Juiz de Fora (UFJF). All mice were maintained in a temperature-controlled facility with a 12-h light/dark cycle and were given free access to the diet. The mice were fed a standard chow for 1 week before initiating the study protocol. All animal experiments were performed in accordance with the principles of the Brazilian Code for the Use of Laboratory Animals and were approved by the UFJF Ethics Committee for the Use of Laboratory Animals (CEEA-UFJF No. 094/2012).
Induction of obesity and pulmonary allergy
Initially, BALB/c mice were divided randomly into two groups according to their diets during the 10-week study period: mice in the control (CN) group received a standard diet (10% calories from fat, Nuvilab-CR1 V R ; Nuvital Nutrientes Ltd, Colombo, Brazil), and mice in the obesity (OB) group received the HFD (60% calories from fat; Prag Soluc¸ões Ind. Co. Ltd Jau, SP. Brazil). The two diets contained similar quantities of protein, cellulose, soybean oil, vitamins and minerals per calorie. Food intake and weight of the mice were measured twice and once a week, respectively. Pulmonary allergy was induced at 6 weeks after the initiation of diet consumption. The mice were subdivided into the following four groups: control group (CN), obese group (OB), pulmonary allergy group (PA) and obese pulmonary allergy group (OB/PA). Six and 8 weeks after initiation of the dietary regimen, mice in the allergy groups were sensitized intraperitoneally (i.p.) with 3 lg OVA (grade V; Sigma-Aldrich Corp., St Louis, MO, USA) in 1 mg alum (Sigma-Aldrich) and were challenged with aerosolized 1% OVA for 20 min at 21, 23, 25, 27 and 29 days after the first sensitization. The mice were euthanized and samples were collected at 24 and 48 h after the last OVA challenge. Body mass (BM) and body length (BL) (distance from the tip of the nose to the base of the tail) were determined, and BMI was calculated as BM (g)/BL (cm 2 ) [25] .
Evaluation of biochemical parameters
Blood was collected at 24 h after the last OVA challenge. Serum separated from the blood samples was used for measuring total cholesterol, high-density lipoprotein (HDL), low-density lipoprotein (LDL) and triglyceride levels by a colorimetric enzymatic method. Serum levels of TNF-a and leptin were determined using commercially available enzyme-linked immunoassay (ELISA) kits (OptEIA; BD Bioscience, San Jose, CA, USA and R&D Systems, Minneapolis, MN, USA, respectively), according to the manufacturer's instructions. Serum levels of anti-OVAspecific IgE were determined by optical density measured at 492 nm using a microplate reader (SpectraMax 190; Molecular Devices, Sunnyvale, CA, USA).
Determination of cell count in the bronchoalveolar lavage fluid (BALF) and bone marrow (BM)
Total leucocyte counts in the BALF and BM were determined using a Neubauer chamber. Cytospin slides were stained with Diff-Quick stain (Laborclin Ltda, Pinhais, Brazil) to determine the differential cell count (Fanem 248, Brazil), considering 300 nucleated cells.
Histological evaluation of the pulmonary tissue
The inflammatory scores of periodic acid-Schiff (PAS) staining of goblet cells and haematoxylin and eosin (H&E) staining were evaluated as described previously [26] . Mast cells were quantified in pulmonary tissue sections stained with toluidine blue and eosinophils were quantified per 100-lm 2 field in the peribroncovascular area with Direct Red 80 staining (Sigma-Aldrich). Cells were examined in a blinded manner under an optical microscope (Zeiss, Hallbergmoos, Germany) at 3400 (mast cells) and 31000 (eosinophils) magnifications.
Immunohistochemical staining of inducible nitric oxide synthase (iNOS), arginase and myeloperoxidase (MPO)
Pulmonary tissue sections were deparaffinized and rehydrated in a graded ethanol series, and antigens were retrieved in citrate buffer (pH 6). The sections were blocked with serum and exposed to goat polyclonal arginase I antibody (1 : 100, sc 18351) or rabbit polyclonal iNOS antibody (1 : 500, sc 8310; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). The presence of MPO granules in the cytoplasm of neutrophils was quantified using 3 mg/ ml goat polyclonal MPO antibody (AF 3667; R&D Systems). The tissue sections were then treated with biotin-conjugated secondary antibodies (Santa Cruz Biotechnology, Inc.), followed by treatment with peroxidase-conjugated streptavidin complex (Santa Cruz Biotechnology, Inc.). Positively stained cells were detected using the peroxidase substrate 3,3-diaminobenzidine (Sigma-Aldrich), with haematoxylin (Sigma-Aldrich) as the counterstain. Cells showing positivity for iNOS, arginase or MPO were quantified in 100-lm 2 fields in the peribronchovascular area and were examined in a blinded manner under an optical microscope (Zeiss) at 31000 magnification.
Analysis of eosinophil peroxidase (EPO) and MPO activities in lung homogenates
EPO activity in the pulmonary tissue was evaluated as described previously [26] . MPO activity was determined by mixing 100 ll of the sample with 100 ll of 6 mM Ophenylenediamine (OPD) solution in 10 mM citrate (pH 5 4Á5), followed by the addition of 20% H 2 O 2 . After 30 min, the reaction was stopped by adding 50 ll of 1 M H 2 SO 4 , and the absorbance was measured at 492 nm on a microplate reader (SpectraMax 190).
Measurement of cytokine and chemokine levels in the lungs
The lung tissue homogenate was prepared as described previously [26] . Commercially available ELISA kits were used to determine the levels of IL-4, IL-5, IL-6, IL-9, IL-12, TNF-a and IFN-g (BD OptEIA; BD Biosciences, EUA); IL-13, IL-25, IL-33, TSLP, leptin and eotaxin (CCL11) (R&D Systems, Minneapolis, MN, USA); and IL-17A (eBioscience, San Diego, CA, USA), according to the manufacturer's instructions.
Statistical analysis
Data were analysed using Graph Pad Prism version 5.0 (Graph Pad Software, San Diego, CA, USA). Numerical data were analysed using the Kolmogorov-Smirnov normality test. Parametric data were analysed using unpaired t-tests, and non-parametric data were analysed using the Mann-Whitney U-test. The threshold significance level for all tests was set at P 0Á05. Data are expressed as the mean and standard error of the mean (s.e.m.).
Results
HFD feeding caused obesity associated with systemic inflammation and metabolic disorder, and altered the OVA-induced IgE response in BALB/c mice BALB/c mice fed the HFD (60% kcal from fat) for 10 weeks (OB group) showed a higher final body weight, increased BMI and more perigonadal and retroperitoneal fat accumulation in comparison with the control group (CN) fed a standard diet (10% kcal from fat). In addition, both leptin and TNF-a serum levels as well as fasting total cholesterol, LDL-cholesterol, triglyceride and glucose levels were increased in the HFD-fed mice ( Table 1 ). The effect of HFD-induced obesity on leptin levels in the lungs was also evaluated; the OB group and OVA-sensitized and challenged obese (OB/PA) group had higher leptin levels in the lungs when compared to both the CN and OVA-sensitized non-obese (PA) groups. Sensitization and challenge with OVA did not influence the weight of the mice (data not shown) or the levels of leptin in the lungs of the obese mice (Fig. 1) .
An elevated IgE level is a characteristic marker of the allergic immune response. As expected, OVA sensitization and challenge increased significantly the serum levels of OVA-specific IgE in the PA and OB/PA groups. However, the levels of OVA-specific IgE were lower in the OB/PA Obesity and airway inflammation in BALB/c mice group compared to those of the PA group at 24 h after OVA challenge (Fig. 2) .
Obesity promoted mast cell influx associated with intense mucus production after OVA challenge Figure 3a ,b shows that mice of both the PA and OB/PA groups had intense inflammatory infiltrates in the peribronchovascular region. In general, the PA and OB/PA groups exhibited a similar inflammatory response in the lungs, which was only slightly higher than that observed in the PA group at 24 h after OVA challenge. In addition, goblet hyperplasia and mucus production were more intense in the OB/PA group compared to those of the PA group at both time-points studied (Fig. 3c,d ).
Next, we evaluated whether the intense mucus production in the allergic obese mice was associated with mast cell influx in the trachea and lungs. The OB/PA group showed a significant increase in the numbers of mast cells in the pulmonary tissue when compared to those of both the CN and PA groups at 24 h after the last OVA challenge (Fig. 3e) . Both the OB/PA and PA groups showed an increase in the number of mast cells in the trachea, which was higher in the OB/PA group (Fig. 3e,f) . Interestingly, the OB group presented an enhanced number of mast cells in the pulmonary tissue and trachea in comparison to the control (Fig. 3e,f) .
Obesity increased the number of neutrophils in the BM at 48 h after OVA challenge
Comparison of immune responses at 24 and 48 h indicated that allergic immune responses peaked at 24 h and that the total number of inflammatory cells (data not shown) and eosinophils decreased significantly in BM at 48 h compared with those at 24 h in the PA group (Fig. 4a) . However, obesity after last challenge with OVA induced less production of eosinophils in BM (Fig. 4a) . In contrast, there was an increase in neutrophil population (Fig. 4b) along with an increase in the total cell count in obese allergic mice at 48 h after the last OVA challenge (data not shown).
Obesity affects the eosinophil and neutrophils influx in the lung after OVA challenge Initially, the composition of the inflammatory infiltrate was investigated in the BALF. Total cell count in BALF increased with OVA exposure in both groups analysed (Fig. 5a ). As expected, a higher eosinophil influx in the BALF was observed in the PA group after 24 and 48 h of OVA challenge compared to the OB/PA group, whereas 0Á27 (6 0Á01) 0Á33 (60Á01)* Glucose (mg/dl) 107Á5 (6 4Á93) 208Á7 (6 10Á15)* Total cholesterol (mg/dl) 80Á60 (6 4Á21) 138Á9 (6 8Á20)* HDL-cholesterol (mg/dl) 28Á80 (6 2Á02) 31Á20 (6 1Á44) LDL-cholesterol (mg/dl) 38Á90 (6 13Á63) 80Á10 (6 7Á35)* Triglycerides (mg/dl) 62Á75 (6 3Á56) 135Á00 (6 17Á09)* Leptin (ng/ml) 571Á8 (6 57Á72) 4982Á00 (6 736Á2)* TNF-a (pg/ml) 100Á3 (6 3Á10) 171Á3 (6 25Á13)* BALB/c mice were fed a standard diet [control group (CN)] or a high-fat diet (obese group) for 10 weeks. Values are expressed as mean 6 standard error of the mean (s.e.m.) (n 5 10). *P < 0Á05 compared with the CN group. HDL 5 high-density lipoprotein; LDL 5 low-density lipoprotein; TNF 5 tumour necrosis factor. Fig. 2 . Levels of ovalbumin (OVA)-specific immunoglobulin (Ig)E in the serum at 24 h after the last OVA challenge. OD indicates optical density. Values are expressed as mean 6 standard error of the mean (s.e.m.) (n 5 5). *P < 0Á05 for the obese (OB), pulmonary allergy (PA) and OB/PA groups compared to the control (CN) group; **P < 0Á05 for the OB/PA group compared to the PA group. Fig. 1 . Leptin levels in the lung tissue homogenate at 24 and 48 h after the last ovalbumin (OVA) challenge. Values are expressed as mean 6 standard error of the mean (s.e.m.) (n 5 5). *P < 0Á05 for the obese (OB), pulmonary allergy (PA) and OB/PA groups compared to the control (CN) group; **P < 0Á05 for the OB/PA group compared to the PA group. macrophage influx was increased in the OB/PA group at both time-points analysed (Fig. 5b) . However, obesity induced a significant increase in the percentage of macrophages in OB/PA group at both time-points analysed (Fig.   5b) . Similarly, the numbers of eosinophils were lower in the pulmonary tissue of the OB/PA group in comparison to those of the PA group at both 24 and 48 h after OVA challenge (Fig. 5c,d) , which was correlated with lower EPO Fig. 3 . Obesity promoted intense mucus production at 24 and 48 h after the last ovalbumin (OVA) challenge. Inflammatory score in the lung evaluated by hematoxylin and eosin (H&E) staining (a), period acid-Schiff (PAS)-positive goblet cells (c) and mast cell influx in the pulmonary tissue and trachea with toluidine blue staining (e). Panels show representative images from each group at 3200 magnification for H&E (b), 400 for PAS (d) and 3400 for toluidine blue (f). Values are expressed as mean 6 standard error of the mean (s.e.m.) (n 5 5). *P < 0Á05 for the obese (OB), pulmonary allergy (PA) and OB/PA groups compared to the control (CN) group. **P < 0Á05 for the OB/PA group compared to the PA group; #P < 0Á05 for the PA and OB/PA groups at 48 h compared with those at 24 h after the last OVA challenge. [Colour figure can be viewed at wileyonlinelibrary.com].
Obesity and airway inflammation in BALB/c mice V C 2017 British Society for Immunology, Clinical and Experimental Immunology, 189: 47-59 activity (Fig. 5e ) and CCL11 ( Fig. 5f ) levels in the lungs. Further, our data showed that the mice of the OB/PA group had increased neutrophil numbers in the pulmonary tissue (Fig. 6a,b ) at 48 h after OVA challenge compared with those of the PA group, which was associated with increased MPO activity in the lungs at the same time-point (Fig. 6c) .
Obesity induced phenotype changes in alveolar macrophages
Because a remarkable increase in the number of macrophages in the BALF was observed in the OB/PA group, alternative and classical pathways of macrophage activation were investigated by assessing the number of macrophages expressing arginase (Mac-Arg 1 ) and iNOS (Mac-iNOS 1 ), respectively. Challenge with OVA induced significant increases of both arginase-and iNOS-positive macrophages (Fig. 7) . The OB/PA group showed higher numbers of arginase-positive macrophages at 24 h after the last OVA challenge in comparison with those of the PA group (Fig.  7a,b) . In contrast, the iNOS-positivity rate was higher at 48 h after OVA challenge (Fig. 7c,d ).
Obesity reduced the levels of IL-25 and TSLP in the lungs of allergic mice
As expected, the PA group showed increased levels of IL-25 ( Fig. 8a) , IL-33 ( Fig. 8b) and TSLP (Fig. 8c ) at 24 h after the last OVA challenge. The OB/PA mice did not show an increase of IL-25 and TSLP in the lungs, although the levels of IL-33 were similar to those observed in the PA group at 24 h after the last OVA challenge (Fig. 8) .
Obesity delayed the release of IFN-c, IL-4 and IL-17A
To investigate further the effect of obesity on allergic inflammation, the cytokine profile, including the Th1 (IFN-g), Th2 (IL-4, IL-5, IL-9, IL-13) and Th17 (IL-17A) profiles, in the lung homogenates was investigated. The PA group exhibited increased levels of IL-4, IL-5, IL-9, IL-13, and IL-17A in the lung, peaking at 24 h after OVA challenge, but did not show augmented IFN-g production (Fig.  9 ). In the OB/PA group, IL-9 and IL-13 were also increased markedly at 24 h after OVA challenge, and IL-5 was only slightly increased. In contrast, at 48 h after OVA challenge, the levels of IFN-g (Fig. 9a) , IL-4 ( Fig. 9b) and IL-17A (Fig. 9f) were elevated only in the OB/PA group. In addition, at this time-point, the proinflammatory cytokines IL1b, IL-6 and TNF-a were also increased (Fig. 10a-c) .
Discussion
Understanding the influence of obesity on the allergic immune response is of critical importance, given the widespread prevalence of obesity in asthmatic individuals. In the present study, the effect of obesity on OVA-induced allergic lung inflammation was investigated in BALB/c mice, a mouse strain used commonly as an allergic asthma model to OVA. Although BALB/c mice are resistant to the development of obesity [22] , our data indicated that feeding BALB/c mice with an HFD for 10 weeks induced moderate obesity characterized by weight gain, visceral fat accumulation and metabolic disorders. In addition, these mice had elevated serum levels of both TNF-a and leptin, which are characteristics of low-grade systemic inflammation that is considered a marker of the obese state [27] . Moreover, high leptin levels were detected in the lungs of obese mice, suggesting the diffusion of leptin from the blood irrespective of the presence of allergy [28] . Clinical studies have shown that leptin expression in the serum and lung are up-regulated in the presence of obesity-associated asthma, implying that this proinflammatory adipokine may contribute to the clinical phenotype in obese asthmatic individuals [29, 30] . Values are expressed as mean 6 standard error of the mean (s.e.m.) (n 5 5). *P < 0Á05 for the obese (OB), pulmonary allergy (PA) and OB/PA groups compared to the control (CN) group.; **P < 0Á05 for the OB/PA group compared to the PA group.
Interestingly, the number of mast cells was elevated in obese mice regardless of the allergic process. We speculate that increases in mast cell numbers were due to the augmented levels of IL-9 in the lungs of obese mice [31] . It is well known that obesity is associated with increases in the serum levels of IL-9 [32] and with mast cell influx in the human adipose tissue [33] . After OVA challenge, the number of mast cells was even higher in the obese allergic mice. Thus, the obesity-induced accumulation of mast cells in the lung and trachea of obese allergic mice suggests an important cellular mechanism by which obesity is associated with a high risk for poorly controlled asthma [11, 34] . Eosinophil peroxidase (EPO) activity (e) and CCL11 (f) levels in the lung tissue homogenate at 24 and 48 h after the last OVA challenge. Values are expressed as mean 6 standard error of the mean (s.e.m.) (n 5 5). *P < 0Á05 for the obese (OB), pulmonary allergy (PA) and OB/PA groups compared to the control (CN) group; **P < 0Á05 for the OB/PA group compared to the PA group; #P < 0Á05 for the PA and OB/PA groups at 48 h compared with those at 24 h after the last OVA challenge. [Colour figure can be viewed at wileyonlinelibrary.com].
Obesity and airway inflammation in BALB/c mice It is accepted widely that the allergen-dependent cross-linking of high-affinity IgE receptors on mast cells can trigger the activation and rapid release of proinflammatory mediators, resulting in mucus hypersecretion and smooth muscle contraction. However, clinical studies suggest that obesity is a risk factor for non-atopic asthma, as measured by lower IgE levels [35] . In the current study, higher mucus hypersecretion but reduced levels of anti-OVA IgE were observed in the OB/PA group, which is in accordance with an experimental model of obesity and asthma in mice [36] . This finding may indicate that other factors, such as overexpression of leptin, IL-9, IL-13 and IL-33 found in the lungs of allergic obese mice, may be associated with the mast cell recruitment/activation and intense mucus production after the OVA challenge [37] [38] [39] . In addition, the higher levels of IL-1b, IL-17A and TNF-a observed at 48 h could have enhanced mucus production later in the OB/PA mice [37, 38] .
Our results demonstrate that OVA-induced allergic immune response showed a peak after 24 h, decreasing thereafter. This correlated with a greater detection of IL-1b in the PA group at 24 h. Conversely, the levels of IL-1b, IL-17A and IL-9 were already increased at 24 h in obese mice (OB group), remaining high thereafter. This suggests that the pulmonary environment appears to become more proinflammatory as fat accumulates. In accordance, a previous study showed that non-sensitized C57BL/6 obese mice developed AHR, which was associated with activation of the IL-1b-NLRP3 inflammasome axis and increased levels of IL-17A in the lungs due to chronic inflammation characteristic of obesity [40] . In addition, the consumption of high-fat diet [41] , as well as increased levels of LDL as observed in obese mice, have been associated with activation of the NLRP3-IL-1b pathway [42] .
Although AHR was not analysed in the present study, the presence of the high number of goblet cells in the obese allergic mice suggests their relevance in airway obstruction. Collectively, our data highlight the potential of obesity for increasing allergic airway inflammation, which may be associated with the high mucus production, considered as the major cause of death among patients with severe asthma [43, 44] .
It is well known that the pulmonary homeostatic environment contains many macrophages that are critical for innate and adaptive immunity. However, alveolar macrophages are heterogeneous and show plasticity in the response to several stimuli and cytokines. In humans with severe asthma, classically activated macrophages are associated with corticosteroid resistance [45, 46] . According to previous studies, obesity can induce a switch from an M2 macrophage phenotype towards a more M1 macrophage phenotype in obese allergic mice [20, 47] . Furthermore, the enhanced and continuous influx of macrophages into the airways of obese allergic mice suggests the persistent activation of innate immunity and a potential role of M1 polarized macrophages in maintaining inflammation in the lungs by releasing IL-1b, IL-6 and TNF-a.
Eosinophilic airway inflammation has been associated classically with allergic sensitization and a Th2-predominant inflammatory response [2] . In the present study, eosinophil production in the BM and eosinophil influx to the pulmonary tissue and BALF were lower in the OB/PA group. We may postulate that this effect was due to the reduced levels of IL-25 and TSLP observed in these mice. Both IL-25 and TSLP promote the Th2 immune response via the activation of dendritic cells [48, 49] . Values are expressed as mean 6 standard error of the mean (s.e.m.) (n 5 5). *P < 0Á05 for the obese (OB), pulmonary allergy (PA) and OB/PA groups compared to the control (CN) group; **P < 0Á05 for the OB/PA group compared to the PA group; #P < 0Á05 for the PA and OB/PA groups at 48 h compared with those at 24 h after the last OVA challenge. [Colour figure can be viewed at wileyonlinelibrary.com]. Blockage or neutralization of TSLP and IL-25 was shown to decrease the severity of allergic disease by the reduction of allergen-specific serum IgE levels, airway tissue inflammation, inflammatory cell infiltration and Th2 cytokines [50, 51] . Consistent with this finding, in the present study the OB/PA mice presented lower levels of IL-4 and IL-5 and reduced accumulation of eosinophils in the lungs, corroborating previous reports [18, 36] . However, prolonged influx and activation of eosinophils were observed in the OB/PA group. This effect may have been mediated in part by the enhanced levels of leptin, which is known to promote the survival and activation of eosinophils [52, 53] .
In addition, leptin could induce the recruitment of eosinophils by up-regulation of CCL11 in epithelial cells [54] . Collectively, our results are in agreement with clinical studies reporting obesity as an important determinant of the clinical asthma phenotype, which is characterized typically in humans by a scarce number of eosinophils in the sputum [9] and reduced or normal levels of IgE [12, 28] . This phenotype usually develops in women with adult-onset asthma [55] , who show severe symptoms, frequent exacerbation episodes and resistance to conventional asthma treatment [12] . Studies on experimental models of obesity and asthma have provided conflicting results with respect Values are expressed as mean 6 standard error of the mean (s.e.m.) (n 5 5). *P < 0Á05 for the obese (OB), pulmonary allergy (PA) and OB/PA group compared to the control (CN) group; **P < 0Á05 for the OB/PA group compared to the PA group; #P < 0Á05 for the PA and OB/PA groups at 48 h compared with those at 24 h after the last OVA challenge. Fig. 10 . Effects of obesity on the levels proinflammatory cytokines interleukin (IL)-1b (a), IL-6 (b), and tumour necrosis factor (TNF)-a (c) at 24 and 48 h after the last ovalbumin (OVA) challenge. Values are expressed as mean 6 standard error of the mean (s.e.m.) (n 5 5). *P < 0Á05 for the obese (OB), pulmonary allergy (PA) and OB/PA group compared to the control (CN) group; **P < 0Á05 for the OB/PA group compared to the PA group. #P < 0Á05 for the PA and OB/PA groups at 48 h compared with those at 24 h after the last OVA challenge.
to the influx of eosinophils, with some studies showing increased eosinophilic inflammation [17, 19] and others showing decreased pulmonary eosinophil counts [18, 36] . This discrepancy in experimental data may be due to the use of different protocols and mouse strains with different genetic backgrounds, which is consistent with the high phenotypical heterogeneity of clinical asthma observed in humans. Although a recent study in BALB/c mice showed that obesity increased the Th2 immune response [24] , the present work is the first to use BALB/c mice to demonstrate the effect of obesity as an important parameter of the allergic immune response, such as neutrophil and mast cell influx into the lung as well as the innate immune response characterized by dampening the release of the epithelial cytokines IL-25 and TSLP. Impaired secretion of TSLP and IL-25 in obese allergic mice may favour the development of the Th17 immune response and neutrophilic inflammation [50, 56] . Furthermore, obesity itself is a predisposing factor for Th17-induced inflammation [57] , and affects the maturation, recruitment and antigen presentation by dendritic cells negatively, leading to delayed secretion of inflammatory cytokines [58] . Consistently, the OB/PA mice showed delayed release of the inflammatory cytokines IL-1b, IL-6, TNF-a and IFN-g, which might have contributed to the neutrophil recruitment or, indirectly, to the IL-17A production observed at the same time-point [59] . Although IL-17A is produced mainly by Th17 cells, it is also produced by other cell types. Dual-positive Th2/Th17 cells are the major source of IL-4 and IL-17A, and are associated with asthma severity [60] . Moreover, these cells arrive at the inflammation site relatively late [60, 61] , which is consistent with the delayed immune response observed in the present study, and with the increases in IL-17A and IL-4 production in the obese allergic mice. Both IL-17A and neutrophils are associated with increased asthma severity [62] , a common phenomenon observed in obese patients with severe asthma [9, 13] . Neutrophils are essential innate immune cells that contribute to inflammation during asthma not only by secreting cytokines, chemokines and MPO granules but also by inducing resistance to glucocorticoid therapy [63] . Clinical cluster analyses have identified subgroups of patients with asthma who show a concomitant increase in the numbers of eosinophils and neutrophils in induced sputum, and increased asthma severity despite the use of high corticosteroid doses [6, 64] .
In conclusion, our findings suggest that obesity affects OVA-induced airway inflammation in BALB/c mice inducing a distinct and delayed allergic immune response characterized by enhanced Th1, Th2 and Th17 responses. These events result in prolongation of the inflammatory response, characterized by mixed inflammatory influx, classically activated macrophage accumulation and intense mucus production that may contribute to asthma severity and the therapeutic response.
